Concurrent deficits of soleus and gastrocnemius muscle fascicles and Achilles tendon post stroke. J Appl Physiol 118: 863-871, 2015. First published February 6, 2015 doi:10.1152/japplphysiol.00226.2014.-Calf muscles and Achilles tendon play important roles in functional activities. However, it is not clear how biomechanical properties of the uniarticular soleus (SOL) and biarticular gastrocnemius muscle and Achilles tendon, including the fascicle length, pennation angle, and stiffness, change concurrently post stroke. Biomechanical properties of the medial gastrocnemius (GM) and soleus muscles were evaluated bilaterally in 10 hemiparetic stroke survivors using combined ultrasonography-biomechanical measurements. Biomechanical properties of the Achilles tendon including the length, cross-sectional area (CSA), stiffness, and Young's modulus were evaluated, together with calf muscle biomechanical properties. Gastrocnemius and SOL contributions were separated using flexed and extended knee positions. The impaired side showed decreased fascicle length (GM: 6%, P ϭ 0.002 and SOL: 9%, P ϭ 0.03, at full knee extension and 0°ankle dorsiflexion) and increased fascicular stiffness (GM: 64%, P ϭ 0.005 and SOL: 19%, P ϭ 0.012, at a common 50 N force level). In contrast, Achilles tendon on the impaired side showed changes in the opposite direction as the muscle fascicles with increased tendon length (5%, P Ͻ 0.001), decreased tendon CSA (5%, P ϭ 0.04), decreased tendon stiffness (42%, P Ͻ 0.001) and Young's modulus (30%, P Ͻ 0.001) compared with the unimpaired side. The fascicle and tendon stiffness changes were correlated negatively to the corresponding fascicle and tendon length changes, and decrease in Achilles tendon stiffness was correlated to the increases of SOL and GM fascicular stiffness (P Ͻ 0.05). Characterizations of calf muscle fascicles and Achilles tendon biomechanical properties help us better understand concurrent changes of fascicles and tendon as part of the calf muscle-tendon unit and facilitate development of more effective treatments. stiffness; muscle fascicles; tendon; stroke CALF MUSCLES AND ACHILLES tendon play important roles in functional activities. Spasticity, contracture, and muscle weakness commonly observed in calf muscles post stroke, which contribute considerably to disabilities post stroke (5, 12, 16, 34, 38) . The spastic plantar flexors, weak dorsiflexor, and associated foot drop post stroke make it hard for the foot to clear the ground during locomotion. In addition, the calf muscle weakness results in reduced forward propulsion (31, 33, 34, 37) . Recent studies using ultrasonography reported decreased fascicle length and increased fascicle stiffness of the calf muscles associated with the decreased ankle joint range of motion and increased joint stiffness post stroke (10, 11, 21) . Most of the studies were on the gastrocnemius muscle with few on the whole calf muscle-tendon unit including Achilles tendon together with soleus (SOL) as well as gastrocnemius muscles (40).
together with soleus (SOL) as well as gastrocnemius muscles (40) .
Tendons play an essential role in transmitting muscle force to the bone and controlling limb movements. It has been reported that metabolic activity in human tendon is remarkably high, which affords the tendon the ability to adapt to changing demands (3, 4, 17, 18) . Our recent study found increased tendon length, decreased stiffness, and increased mechanical hysteresis of the Achilles tendon post stroke (39) . The marked muscle fascicular changes post stroke may be closely associated with biomechanical changes in the corresponding tendon. However, few studies have been done to investigate the simultaneous biomechanical changes of the SOL and gastrocnemius medialis (GM) muscles and Achilles tendon post stroke. It is not clear how the uniarticular SOL and the biarticular GM become stiffer differently and contribute to the increased ankle joint stiffness and spasticity post stroke.
B-mode ultrasonography has been commonly used in studying muscle and tendon properties in vivo and noninvasively (8, 9, 13, (22) (23) (24) (25) (26) 29) . However, ultrasound images often suffer from poor quality and high level of speckle noise so that manual measurement adopted in those studies was subjective and might not be accurate. In this study, we adopted an automatic linear feature detection method based on localized Radon transform (6, 28, 32) , combined with an extended field-of-view technique (35) to analyze muscle fascicle images under controlled passive movements.
The purpose of the present study was to investigate concurrent biomechanical changes of the biarticular GM and uniarticular SOL muscle fascicles and Achilles tendon in both the impaired and unimpaired sides of patients post stroke. The hypotheses were that both SOL and GM muscle fascicles would become shorter and stiffer, whereas Achilles tendon became longer and more compliant in the impaired side, compared with the unimpaired side.
METHODS

Subjects.
Ten stroke survivors participated in the study (6 right side impaired and 4 left side impaired, the left and right side impaired groups each had one female subject). The inclusion criteria for the patients were at least 1 year poststroke, hemiplegia, able to walk with a cane or without any mechanical aid, able to generate plantar flexion torque using the calf muscles. Exclusion criteria were having other severe neuromuscular disease, leg musculoskeletal injuries, and/or orthopedic surgeries on the leg. The patients had a mean age of 54.0 Ϯ 12.0 (mean Ϯ SD, range 24.8ϳ67.8) yr, stroke duration of 9.5 Ϯ 4.6 (range 1.8ϳ16.3) yr, a mean height of 170.8 Ϯ 10.0 (range 147.0ϳ180.0) cm, body mass of 81.6 Ϯ 19.4 (range 59.9ϳ113.9) kg. Their modified Ashworth scale (MAS) at the impaired ankle was 2.5 Ϯ 1.4 (range 0ϳ4) (2) . Their passive range of motion (ROM) at the impaired ankle was 1.6 Ϯ 15.4 (range Ϫ25ϳ17) degrees in dorsiflexion and 46.2 Ϯ 6.1 (range 37ϳ60) degrees in plantar flexion. The ROM was measured with a goniometer by moving the joint manually between the dorsiflexion and plantar flexion extremities. One subject wore knee-ankle-foot orthotics (KAFO), and one subject wore ankle-foot orthotics (AFO) regularly. Five subjects used straight canes. One patient had dorsiflexor contracture and the 30°ankle plantar flexion was reached very slowly during the experiment. All participants gave written informed consent that was approved by the Institutional Review Board of Northwestern University.
Experimental setup. The experimental setup was comprised of the following four major components: a custom knee-ankle joint-driving device, an ultrasound imaging system (LOGIQ-9, GE Healthcare, Waukesha, WI), an electromyography (EMG) system (Delsys, Boston, MA), and a personal computer (Fig. 1) .
Experimental procedure. The experiment for each subject was composed of two visits. Each of the legs was tested in one of the two visits, following the same protocol. The sequence of the side being tested was selected randomly. Time between the two visits for each subject was within 1 wk.
The subject was seated upright with the thigh and trunk secured using Velcro straps. The leg and foot were securely attached to the leg linkage and footplate, respectively, with the knee and ankle joints aligned with the shaft of the corresponding knee and ankle motors, respectively. To evaluate muscle fascicle properties, the ankle was fixed at various dorsiflexion angles (at 5°step) across the subject's ankle ROM. The knee was positioned at 90°flexion and full extension in different trials to separate ankle joint torque contributions from the uniarticular SOL and biarticular GM muscles, because with flexed knee at 90°, most of the ankle joint torque can be attributed to uniarticular muscles (SOL) (36) . The torque difference between fully extended knee and flexed knee should be attributed to biarticular muscles (gastrocnemius). With the dorsiflexion axis aligned with the motor shaft at extreme dorsiflexion, the heel of the subject was securely fixed to the footplate using a Velcro strap in front of the ankle. The heel position was monitored throughout the experiment to ensure its contact with the footplate. Between different ankle positions, the ankle was moved slowly without eliciting spasm or reflex.
The ankle joint torque and position and the ultrasound images of the SOL and GM muscles were measured at each of the knee-ankle configurations, after the ankle was stabilized. The subject was asked to relax his leg muscles during the experiment. The Achilles tendon mechanical properties were evaluated following the same protocols described in Ref. (39) . Briefly, tendon length (defined as the distance between calcaneus tendon insertion site and SOL muscle-tendon junction), CSA, and moment arm were measured using ultrasonography combined with mechanical measurement. Then the subject performed a controlled isometric plantar flexion effort, following the target (15 N·m) and actual torques displayed in real time on the monitor. The torque target was selected such that all the subjects could accomplish the task without losing control or causing much fatigue. Tendon stiffness, Young's modulus (the slope of the stress-strain curve), and mechanical hysteresis were calculated based on the ultrasound video and ankle joint torque. EMG signal from the tibialis anterior muscle was used to monitor the activities of dorsiflexors, and the subjects were asked to minimize the dorsiflexor cocontraction EMG during the plantar flexion task (39) .
GM and SOL fascicle images. To improve the accuracy of the GM fascicle measurement, the probe was moved, scanning the transverse plane of the distal muscle belly of GM to locate the fascicle plane. Once at the middle of the ultrasound image the deep aponeurosis of GM was parallel to the bottom of the image, the probe was rotated 90°, and the image plane was regarded as being aligned with the fascicle plane (1). The probe was then moved proximally within the fascicle plane to cover the full longitudinal image of the GM muscle using an extended field of view technique (35) called LOGIQView. To obtain the SOL fascicle image, the probe was moved along the middle line on the posterior side of the lower leg scanning the sagittal plane using LOGIQView. Representative fascicle images of GM and SOL muscles are shown in Fig. 2, A and B, respectively.
Measurements of the SOL and GM muscle fascicle length and pennation angle. In this study, the fascicle length was measured halfway between the middle muscle belly and the distal end of the muscle (Fig. 2) . Usually the clearest fascicle in the region was selected for length measurement. For GM, the pennation angle was Fig. 1 . Schematic diagram of the experimental setup. Setup was comprised of a custom knee-ankle driving device, a commercial ultrasound imaging system, an EMG system, and a personal computer. Ankle joint torque signal collected by the torque sensor in the knee-ankle device and the EMG signal were recorded by the personal computer and synchronized with the ultrasound image data using a trigger signal. measured as the angle between the fascicle selected for length measurement and the deep aponeurosis of GM. For SOL, the pennation angle was measured as the angle between the fascicle selected for length measurement and the superficial aponeurosis of SOL. Representative fascicles and measurement of pennation angles for GM and SOL muscles are shown in Fig. 2 , A and B, respectively.
The above measurements could be done either manually using software such as ImageJ (National Institutes of Health, Bethesda, MD) or automatically using linear detection methods. Because ultrasound images usually suffer from poor quality and high level of speckle noise, manual measurement could be time consuming and subjective. A linear feature detection method based on localized Radon transform (6, 28, 32 ) was adopted to detect the fascicles in a specified region (41) . Briefly, this method uses prior knowledge to specify in which region and in what orientation range the fascicle is most likely to be detected. Then the image space is transformed into Radon space where the integrated intensity of every possible line is calculated. Points in Radon space with high intensities correspond to possible line features in image space. A revoting strategy is also applied to extract multiple lines one by one following the descending order of integrated pixel intensities (42) . After the line with highest integrated intensity is detected, it is removed from the image space and Radon transform is applied again (revote) to the modified image to detect the second line.
Revoting strategy provides a simple and robust way to extract lines one by one. The same procedure is applied several times until all the expected line features are detected. Figure 2C demonstrates linear feature detection using the proposed method. Image as shown in Fig. 2A was used to measure the GM fascicle length and pennation angle. A region around the halfway between the GM muscle belly and distal end was selected, and three linear features including the deep aponeurosis, superficial aponeurosis, and one fascicle were detected. The fascicle length and pennation angle were then calculated based on the positions of the detected lines.
Achilles tendon mechanical properties. Achilles tendon resting length was measured using LOGIQView. The tendon moment arm was measured using a method combining ultrasonography and mechanical measurement. The distance between the posterior skin above the Achilles tendon and the center of rotation was measured using a caliper. The distance between the Achilles tendon line of action and the posterior skin was measured from the LOGIQView image. The tendon moment arm was measured by subtracting the latter result from the former one. The CSA of the Achilles tendon was measured in the transverse plane ultrasound images. Both CSA and length of Achilles tendon were measured at neutral ankle position with zero ankle joint torque. For each subject's each side, three measurements were taken at each of the three locations equally dividing the Achilles tendon between calcaneus tendon insertion and SOL muscle-tendon junction (MTJ) into four segments. Then the mean value from the nine measurements was regarded as the CSA of the Achilles tendon. The 
. Longitudinal images of gastrocnemius (GM; A)
and soleus (SOL; B) muscles using the LOGIQView technique. Selection of fascicle and measurement of fascicle length and pennation angle, as well as some important anatomic landmarks, including muscle belly and distal end, were shown in the images. C: a representative image of GM demonstrating automatic fascicle detection using localized Radon transform. A region around the middle point between muscle belly and muscle-tendon junction (MTJ) was selected, and 3 lines were detected that were superficial and deep aponeuroses and a fascicle. Length of the fascicle and angle between the fascicle and deep aponeurosis were then calculated automatically.
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Calf Muscles and Achilles Tendon Deficits Post Stroke • Zhao H et al. Achilles tendon stiffness, Young's modulus, and hysteresis were measured at 3% tendon strain by tracking tendon elongation and recording ankle joint torque signal during subject's voluntary contraction of the calf muscles, which was further converted to Achilles tendon force by dividing the torque with the measured tendon moment arm. Further detailed descriptions can be found in Ref. (39) .
Muscle fascicular stiffness. The moment arm of the Achilles tendon at 0°dorsiflexion was measured for each subject's impaired and unimpaired sides, using the method described above. The values of the moment arm at other ankle joint angles were computed based on the moment arm at 0°dorsiflexion and the moment arm-ankle joint angle relation curve obtained from musculoskeletal simulation software OpenSim (7). It was assumed that the contribution of the passive gastrocnemius muscle to the ankle joint torque was negligible at 90°k nee flexion (10, 27) . Therefore, the ankle resistance torque at 90°k nee flexion was regarded as determined by the SOL muscle alone. The SOL passive force was then calculated in the range of 20°plantar flexion to 15°dorsiflexion. The corresponding SOL fascicular force was scaled by 1/cos( SOL), with SOL being the pennation of SOL fascicles. The gastrocnemius contribution to the ankle passive resistance torque was estimated as the difference of the passive ankle resistance torque between full knee extension and 90°knee flexion, because the biarticular gastrocnemius muscles are the major ankle plantar flexors crossing the knee joint as well as the ankle. The gastrocnemius passive force was also calculated in the range of 20°p lantar flexion to 15°dorsiflexion. The passive force from GM was determined as 61% of the total passive gastrocnemius force based on the method described previously (10) . The corresponding GM fascicular force was scaled by 1/cos( GM), with GM being the pennation of GM fascicles. The resulting force-angle data were curve fitted using second-order polynomial to establish the fascicular force-length relation. Constraint was applied such that the fitted fascicular force rose monotonically with length. The fascicular stiffness of GM and SOL were determined as the slope of the corresponding fascicular forcelength relation curves.
Statistical analysis. Analysis of variance with repeated measures was used to analyze the response variables (fascicle length, stiffness, and pennation angles of the GM and SOL muscles, Achilles tendon length, CSA, stiffness, and Young's modulus) with respect to each factor (subject's side, ankle position, knee position). The significance level was set at 0.05. The paired Student t-test was used for further comparison of the variables between groups. Significance level was adjusted using Bonferroni corrections. Pearson correlation coefficients were calculated to quantify associations among the biomechanical changes in SOL and GM muscle fascicles and Achilles tendon. The results were presented as means Ϯ standard deviations unless specified otherwise.
RESULTS
SOL and GM fascicle lengths.
The GM fascicles of the impaired side were significantly shorter than that of the unimpaired side across the ankle ROM and at both the extended and flexed knee positions (P Ͻ 0.046) (Fig. 3, A and B) . For example, at 0°ankle dorsiflexion and extended knee position, fascicles in the impaired side (45.4 Ϯ 6.5 mm) were significantly (P ϭ 0.03) shorter than that of the unimpaired side (48.3 Ϯ 5.4 mm). At 0°ankle dorsiflexion and 90°knee flexion, fascicles in the impaired side (34.0 Ϯ 5.6 mm) were significantly (P ϭ 0.046) shorter than unimpaired side (36.0 Ϯ 6.2 mm). In addition, significantly shorter fascicle length was found at 90°knee flexion than that at full knee extension both in the impaired side (P Ͻ 0.001) and unimpaired side (P Ͻ 0.001) (Fig. 3, A and B) .
The SOL fascicle length of the impaired side was significantly shorter (P Ͻ 0.001) than that of the unimpaired side across the ankle ROM and at both the extended and flexed knee positions (Fig. 3, C and D) . For example, at 0°ankle dorsiflexion and flexed knee position, SOL fascicles of the impaired side (35.2 Ϯ 5.8 mm) were significantly (P ϭ 0.002) shorter than that of the unimpaired side (38.3 Ϯ 5.6 mm). Similarly, at 0°ankle dorsiflexion and extended knee position, SOL fasci- cles of the impaired side (35.5 Ϯ 5.6 mm) were significantly (P Ͻ 0.001) shorter than that of the unimpaired side (39.2 Ϯ 5.6 mm) (Fig. 3C) . Considering the uniarticular SOL muscle only crosses the ankle, no significant difference in SOL fascicle length was found between 90°knee flexion and full knee extension at both the impaired side (P ϭ 0.60) and unimpaired side (P ϭ 0.80) (Fig. 3, C and D) . SOL and GM fascicle pennation angle. For GM fascicles, there was significant difference in the pennation angle between full knee extension and 90°knee flexion in both the impaired and unimpaired sides (Fig. 4, A and B) . For example, in the impaired side at 0°ankle dorsiflexion, GM pennation angle at full knee extension (22.5 Ϯ 5.1°) was significantly (P Ͻ 0.001) smaller than at 90°knee flexion (27.0 Ϯ 5.7°), reflecting the effect of passive stretch on the GM fascicles at full knee extension. Similarly, in the unimpaired side at 0°ankle dorsiflexion, pennation angle at full knee extension (21.6 Ϯ 3.8°) was significantly (P Ͻ 0.001) smaller than at 90°knee flexion (27.5 Ϯ 5.4°). No significant difference was found on the GM pennation between the impaired and unimpaired sides either at full knee extension or at 90°knee flexion.
For the SOL muscle, at full knee extension and 0°to 30 ankle°plantar flexion, pennation angle of the impaired side was significantly greater than that of the unimpaired side (P Ͻ 0.05) (Fig. 4C ). For example, at full knee extension and 0°d orsiflexion, pennation angle of the impaired side (27.4 Ϯ 3.6°) was significantly (P ϭ 0.04) greater than that of the unimpaired side (24.7 Ϯ 4.5°). However, no significant difference was found between the impaired side and unimpaired side at 90°knee flexion and any ankle dorsiflexion position (Fig. 4D ).
SOL and GM fascicular force-length relation.
For both SOL and GM, the force-length relation curve of the impaired side shifted to the upper left and had a steeper slope compared with the unimpaired side, indicating the fascicles were shorter and stiffer in the impaired side (Fig. 5, A and B) . At 50 N GM fascicular force, the fascicle length was 44.9 Ϯ 6.6 and 47.3 Ϯ 5.6 mm (P ϭ 0.010) for the impaired and unimpaired sides, and the fascicular stiffness (the slope of the force-length relation) was 20.2 Ϯ 7.9 and 12.3 Ϯ 5.1 N/mm (p ϭ 0.005) for the impaired and unimpaired sides, respectively. At 50 N SOL fascicular force, the fascicle length was 36.9 Ϯ 5.7 and 39.4 Ϯ 6.4 mm (P ϭ 0.023) for the impaired and unimpaired sides, and the fascicular stiffness of the impaired side (15.7 Ϯ 6.4 N/mm) was significantly higher than that of the unimpaired side (13.2 Ϯ 4.3 N/mm) (P ϭ 0.012). The 50 N force level was selected because it was achievable comfortably by all the subjects, such that the results were more reliable with a larger sample size.
Achilles tendon mechanical properties. The Achilles tendon length measured in the impaired side (68.9 Ϯ 9.1 mm) was significantly longer (P Ͻ 0.001) than in the unimpaired side (65.9 Ϯ 8.2 mm), accompanied by the significant shortening of the SOL and GM fascicles. Achilles tendon CSA measured in the impaired side (53.3 Ϯ 10.5 mm 2 ) was significantly smaller than in the unimpaired side (56.2 Ϯ 10.4 mm 2 ) (P ϭ 0.04). The estimated Achilles tendon stiffness in the impaired side (144.2 Ϯ 45.8 N/mm) was significantly lower (P Ͻ 0.001) than that in the unimpaired side (248.6 Ϯ 96.3 N/mm), accompanied by the significant increases in SOL and GM fascicular stiffness. Similarly, the estimated Achilles tendon Young's modulus in the impaired side (205.6 Ϯ 76.8 MPa) was signif- Correlations between muscle and tendon mechanical properties changes. Pearson correlation coefficients showed correlations between the SOL and GM muscle fascicle and Achilles tendon biomechanical changes from the unimpaired side to the impaired side (Table 1) . At 0°ankle dorsiflexion and full knee extension, significant positive correlation was found between GM and SOL fascicle length changes ( ϭ 0.92, P Ͻ 0.001), whereas significant negative correlation was found between GM fascicle and Achilles tendon stiffness changes ( ϭ Ϫ0.87, P ϭ 0.001), between SOL fascicle and Achilles tendon stiffness changes ( ϭ Ϫ0.71, P ϭ 0.02), between GM fascicle length and stiffness ( ϭ Ϫ0.83, P ϭ 0.002), SOL fascicle length and stiffness ( ϭ Ϫ0.75, P ϭ 0.01), and between Achilles tendon length and stiffness ( ϭ Ϫ0.94, P Ͻ 0.001) ( Table 1) .
DISCUSSION
In the present study, changes in the mechanical properties of GM and SOL muscle fascicles and Achilles tendon post stroke were evaluated in vivo and noninvasively using ultrasonography combined with biomechanical measurements. Results showed concurrent significant changes in the biomechanical properties of muscle fascicles and tendon, including decreased GM and SOL fascicle length, higher fascicular stiffness, increased tendon length, decreased tendon CSA, and lower tendon stiffness and Young's modulus in the impaired side compared with the matched unimpaired side of the stroke survivors.
Localized Radon transform was used to calculate the fascicle length and pennation angle, assuming fascicles and aponeuroses were straight lines. Most fascicles of GM and SOL under passive stretch were very close to straight linear structures. Although aponeuroses, especially superficial aponeurosis of GM was not straight (Fig. 2C) , within a small region, it could still be treated as linear. Moreover, the automatic measurement results were corroborated with the manual measurement results.
In addition to the MAS score, we also measured the GM and SOL muscle thickness in both sides of the patients from the fascicle images at 90°knee angle and 0°ankle dorsiflexion. GM muscle in the impaired side (14.6 Ϯ 2.4 mm) was found significantly (P Ͻ 0.005) thinner than the unimpaired side (16.0 Ϯ 2.2 mm). Similarly, SOL muscle in the impaired side (14.2 Ϯ 2.9 mm) was significantly (P ϭ 0.013) thinner than the unimpaired side (16.8 Ϯ 1.6 mm). Both indicated that there was substantial muscle atrophy in patients' impaired side.
The GM fascicle length and pennation angle found in the unimpaired side in our study were comparable to those in cadavers and in healthy subjects in Ref.
(1) (fascicle length ranged from 27 to 64 mm; pennation angle ranged from 11 to 30°). The GM fascicle results in the impaired side from our study were also comparable with a previous study on stroke survivors (10) (fascicle length: 32 to 59 mm; pennation angle: 14 to 37°). GM fascicle length found in Ref. (8) was longer (97 to 133 mm) than what we found, and pennation angle was smaller (14 to 18°), which was probably due to the variations of subjects and methods. In another study (20) , the reported GM fascicle lengths (35 mm in stroke patients and 38 mm in healthy controls) were also comparable to the values reported in this study. The physical dimensions and mechanical prop- erties found in Achilles tendon in this study were comparable to what were reported in Ref. (39) .
For the SOL pennation angles, there was a trend of increasing pennation from the 90°knee flexion and full knee extension in the impaired side (but no significant difference), indicating increased intermuscular coupling (myofacial force transmission) between the spastic gastrocnemius and SOL muscles (also see Fig. 2C on their relationship) (14, 15) .
To measure the Achilles tendon mechanical properties, the subject was asked to perform a controlled isometric contraction following the torque target. Fifteen Newtons per meter was selected as the torque target such that every subject (with moderate spasticity) could achieve the target without losing control or causing much fatigue. Tibialis anterior muscle activity was monitored using EMG to minimize cocontraction, which would result in less calculated muscle force than the true force. The triceps surae muscle EMG signals were not recorded because the placement of EMG electrodes would interfere with the ultrasound transducer.
There are limitations with the present study. The fascicular force-length relation might be affected by the simplified model of calculating the fascicular force from the ankle joint dorsiflexion resistance torque. The model assumed the torque contribution from SOL did not change with knee flexion angle, and the ankle torque at 90°knee flexion came from SOL. Moreover, the model did not take into account the torque contribution from other muscles and soft tissues, the intramuscular force, the complicated relation between muscle force and fascicular force. Ignoring force contributions from other muscles would result in fascicular stiffness overestimation of the muscle to which the force was attributed. However, most plantar flexion torques can be attributed to SOL and gastrocnemius muscles (30) . Nevertheless, according to Fig. 3, A and B, the fascicle length of SOL did not change from 90°knee flexion to full knee extension, indicating the resistance torque from SOL did not change with knee flexion angle significantly. Curve fitting using second-order polynomial was used for fascicular force-length relation, assuming that stiffness increased linearly with the fascicle length, which may be another limitation of the present study. Restrictions were also applied to ensure the curve bent upward, considering stiffness is positive.
The GM force as 61% of the total gastrocnemius force was based on the averaged ratio of GM physiological CSA (area perpendicular to the fiber orientation that is proportional to the number of fibers in parallel or the muscle force generating capacity) of the total gastrocnemius muscle physiological CSA. Such ratio may vary for different individuals and different pathological conditions such as stroke, atrophy, etc., which is another limitation of the study.
The tendon length and CSA were measured at ankle rest position, with about zero ankle joint torque. Still, the actual tension in the tendon may be slightly different from zero, and such tension in the tendon may be different among different subjects and between affected and unaffected sides. It was thus possible that the longer tendon length in the impaired side was partially due to the greater plantar flexor muscle tension on the impaired side.
The leg posture of 0°ankle dorsiflexion and full knee extension were used to compare GM or SOL fascicle mechanical properties between impaired and unimpaired sides to be consistent with Achilles tendon evaluation. Results showed longer and more compliant Achilles tendon and shorter and stiffer calf muscle fascicles in the impaired side than the unimpaired side. It was possible that muscle atrophy associated with impaired neural control and lack of movement post stroke made muscle fascicles shorter and stiffer with muscle stiffness also increasing further with tonic contraction, which applied strong and sustaining stretch to the tendon. Over time, it might result in elongation of the tendon and reduction of its stiffness. Calf muscles and Achilles tendon can be approximated as springs in series (Fig. 6) , with the total length related to the leg length. With the calf muscles become stiffer and shorter post stroke, the middle point between the two springs (MTJ) may shift proximally toward the calf muscles and the Achilles tendon gets elongated. Such difference could be due to the adaptations of both impaired and unimpaired sides. Results also showed in both impaired and unimpaired sides, Achilles tendon was much stiffer than GM or SOL fascicles under passive conditions due to different structures, which is consistent with the finding in Ref. (19) .
Based on Fig. 5 , at 0 N fascicular force, GM fascicle length was 39.5 Ϯ 8.2 mm in the impaired side and 40.6 Ϯ 5.7 mm in the unimpaired side, and SOL fascicle length at 0 N was 30.0 Ϯ 4.8 mm in the impaired side and 31.2 Ϯ 5.4 mm in the unimpaired side, with no significant difference between the impaired and unimpaired sides for either GM or SOL fascicles. However, the fascicle slack lengths at 0 N were curve-fitted results using second-order polynomial. Furthermore, for stroke survivors, GM and SOL fascicles may be always under certain tension. Therefore, comparison and interpretation of fascicle slack length at 0 N needs to be done with care.
No significant correlation was found between the fascicles, and Achilles tendon length changes might be due to the small difference between the impaired and unimpaired sides and the small sample. As the difference of the mechanical properties were much larger than that of the physical dimensions, significant correlation was found between the fascicles and Achilles tendon stiffness changes.
Conclusions
In the present study, GM, SOL, and Achilles tendon physical size and mechanical properties of both the impaired and the unimpaired sides of 10 hemiparetic stroke survivors were investigated in vivo and noninvasively. Decreased fascicle length, increased fascicular stiffness, increased tendon length, and decreased tendon stiffness and Young's modulus were found in the impaired side compared with the unimpaired side. The biomechanical properties changes of SOL and gastrocnemius muscle fascicles and Achilles tendon were closely correlated. These changes may reflect calf muscle passive properties changes and the adaptations of the Achilles tendon to such changes post stroke, which may help us gain insight into spasticity/contracture and motor impairment post stroke and facilitate development of more effective rehabilitation treatment.
